1. Regime shifts are commonly associated with the loss of submerged macrophytes in 23 shallow lakes, yet the effects of this on whole-lake primary productivity remain poorly 24 understood. This study compares the annual gross primary production (GPP) of two 25 shallow, eutrophic lakes with different plant community structures but similar nutrient 26 concentrations. 27 2. Daily GPP rates were substantially higher in the lake containing submerged 28 macrophytes (586 ± 23 g C m -2 y -1 ) than in the lake featuring only phytoplankton and 29 periphyton (408 ± 23 g C m -2 y -1 ; P < 0.0001). Comparing lake-centre diel oxygen curves 30 to compartmental estimates of GPP confirmed that single-site oxygen curves may provide 31 unreliable estimates of whole-lake GPP. The discrepancy between approaches was 32 greatest in the macrophyte-dominated lake during the summer, with a high proportion of 33 GPP occurring in the littoral zone. 34 3. Our empirical results were used to construct a simple conceptual model relating GPP to 35 nutrient availability for these alternative ecological regimes. This model predicted that 36 lakes featuring submerged macrophytes may commonly support higher rates of GPP than 37 phytoplankton-dominated lakes, but only within a moderate range of nutrient availability 38 (total phosphorus ranging from 30 to 100 μg L -1 ) and with mean lake depths shallower 39 7 locations within the reed belt) were taken every two to four weeks from early April 2010 136 to early April 2011. While littoral samples were always taken from within the reed belt, 137
we define the littoral zone as any lake area with macrophytes (submerged, floating-leaved 138 or emergent). As the lake area coverage of C. submersum overlapped with, and was larger 139 than that of floating-leaved macrophytes (Table 2) , only emergent (reeds) and submerged 140 macrophyte surface areas were used to calculate the total littoral area in Schulzensee 141 (Table 1) apart. Secchi disk readings were used to estimate light attenuation on dates when direct 154 measurements were unavailable or unreliable. Lake-centre monitoring stations measured 155 global radiation every 10 minutes. Global radiation data from Lake Müggelsee 156 (approximately 100 km to the south) were substituted when data were missing from either 157 study lake. Photosynthetically active radiation (PAR) at depth z (I z ) was calculated from The areal limit of each macrophyte group was measured in 2007 by direct measurements, 167
and in 2010 using a global positioning system (GPS). The direct exchange of carbon 168 dioxide (CO 2 ) and O 2 between the aquatic environment and the submerged segments of 169 floating-leaved or emergent macrophytes was expected to be minimal (Brix & Schierup, 170 1990; Smits et al., 1990) . We therefore included only the submerged macrophyte C. 171 submersum in GPP calculations. The plant volume inhabited by C. submersum (PVI) was 172 determined by measuring the water depth limits of occurrence at 24 points around the 173 lake periphery during the period of maximum biomass (July 2010). 174
Fixed-volume biomass samples were harvested from four locations and dried at 175 80 °C to a constant dry weight (dw). The maximum C. submersum biomass was 176 calculated by multiplying PVI by dw m -3 and was converted to carbon using total carbon 177 values measured with a vario EL CHNOS Element Analyzer (Elementar 178 Analysensysteme, Hanau). GPP was calculated by multiplying the summer biomass by a 179 gross production rate-to-harvest ratio of 1.5, determined by Best (1982) for C. demersum9 in a shallow lake in the Netherlands, and was estimated for an active growing period of 181 six months of the year (following observations). 182
183

Periphyton 184
The biomass and GPP of periphyton on submerged plastic strips (transparent 185 polypropylene sheets with a slightly textured surface; IBICO, Germany) were considered 186 to be similar to periphyton growing directly on the submerged surfaces of macrophytes 187 (epiphyton) and the benthic surface (epipelon), corrected for a gradient in light 188 availability. This approach has been used previously and is considered valid where T is water temperature (°C). An exponential regression of this dataset provides a 238 Q 10 value of 1.88, which is comparable to the commonly adopted Q 10 of 2 for 239 phytoplankton production (e.g. Gilbert et al., 2000) . Epipelon (benthic periphyton) GPP was calculated from the periphyton grown in 258
the littoral and open-water zones of each lake. As well-established natural benthic 259 periphyton communities were observed in both lakes throughout the year, monthly 260 production measurements were applied to the periphyton biomass of long-exposure 261 plastic strips to calculate annual production curves. Over-wintering (under-ice) strips 262 could only be retrieved from Schulzensee, but minor differences before and after ice 263 cover suggested that long-exposure strips had probably reached maximum biomasses in 264 both lakes. The fluorescence of water samples was measured within three hours of sampling 282 using the modular version of a Phyto-PAM fluorometer equipped with a 10 mm cuvette, 283 and water was filtered for HPLC and C:N analyses. Production calculations from 284 fluorometric measurements followed the same methods described for periphyton. 285
Phytoplankton GPP was calculated for each 10 cm layer of the water column, applying 286 equation 6. Each measurement was multiplied by the estimated water volume at a specific 287 depth, and the sum of these measurements was used to calculate daily whole-lake 288 phytoplankton production. 289 290
Cyanobacteria 291
A. stagnina were observed at the littoral sediments and water surface of macrophyte-292 dominated Schulzensee. The GPP of individual colonies was measured using O 2 293 production data from in situ glass bottle incubations and core exposure experiments on 294 14 five dates (spring to summer). For core exposures, opaque (n = 11) and clear (n = 13) 295
replicates of sediment cores were installed at the lake's mean depth for four-hour periods. 296
For glass bottle exposures, single colonies were inserted into 50 mL transparent and 297 opaque glass flasks filled with filtered lake water (0.7 μm), and were incubated for four 298 hours at depths of 0 m, 1 m, 2 m and 3 m. Respiration rates were calculated using O 2 299 curves from opaque cores and bottles, and were subtracted from net production rates in 300 transparent cores and bottles to calculate GPP. Daily GPP rates were calculated following 301 equation 6, as per periphyton production. P max and α values were obtained from the 302 measured relationship between O 2 production and light intensity, and light availability 303 was considered for sediment depths between 1.5 and 3 m, assuming 20% coverage within 304 that zone (following observations). As colonies were observed at both the benthic 305 environment and occasionally the surface waters, the mean of core and glass bottle GPP 306 values was adopted. Daily rates of A. stagnina GPP were calculated for the 80-day period 307 within which experiments were carried out, and mean rates were extended over the entire 308 nine month ice-free period of the year for whole-lake annual GPP calculations. 309
310
Diel oxygen curves 311
Daily GPP rates were calculated using diel O 2 curves provided by YSI probes. Gross 312 nighttime respiration was calculated as the mean change in O 2 (per 10 minutes) from 313 dusk until dawn, and was subtracted from net production rates calculated by the same 314 methods for the following day to provide GPP. Although diel O 2 curves were expected to 315 capture some metabolic activity from the benthic and littoral zones, it has been 316 established that this approach is highly spatially sensitive ( Van de Bogert et al., 2012) , 317 15 and we thus here consider that these data probably contain a strong pelagic bias. As with 318 other studies, variations in dissolved oxygen due to physical factors (e.g. water mixing) 319 and a heterogeneous distribution of primary production in the lakes provided occasionally 320 unreliable diel curves (Coloso et al., 2008) . These were excluded from our analyses, as 321 the distribution of false negative values was not normally distributed, and thus did not 322 appear to reflect random patterns in water mixing (Staehr et al., 2010) . 
Conceptual productivity model 335
The data from our study lakes were used to produce a conceptual model describing GPP 336 as a function of total TP availability in the water column associated with alternative plant 337 community structures. For practical purposes, the TP gradient presented may be 338 considered the springtime ambient TP concentration in a lake prior to partitioning by 339 separate primary producer groups. Parameter values are provided in Table 3 . 340
We considered a trade-off between TP assimilation by planktonic (TP p ) and 341 benthic (TP b = 1 -TP p ) producers. This approach simplifies the complex interactions 342 between primary producer groups, representing only the outcome of competitive 343 interactions. Hill functions have previously been found to provide suitable descriptions of 344 the feedbacks between phytoplankton and macrophytes (Scheffer, 1990; Scheffer, 345 Bakema & Wortelboer, 1993b). We therefore adopted such an approach, calculating the 346 partitioning of TP p between phytoplankton and macrophytes as: 347 1996), k I is the half-saturating light intensity (from Köhler et al., 2010) , and I z is the light 368 intensity at depth z (applying lake mean depth for epipelon and 50% mean depth for 369 epiphyton and submerged macrophytes). Algal primary production was estimated from 370 these modeled biomasses along with mean photosynthesis parameters from our empirical 371 data, and light availability. I z was adopted for periphyton production (eq. 1), while the 372 mean PAR intensity at a mixed-water depth (I mz ) was applied for phytoplankton, 373 The biomass (chl a) of submerged macrophytes was described as: 384 
Results
397
Lake conditions 398
Over the course of the study year, there were no statistically significant differences 399 between study lakes with regards to TP, SRP or TN concentrations (Table 1) . One high 400 SRP outlier in Gollinsee was removed from analyses as it could not be explained by 401 natural conditions or methodological error, although this did not alter the statistical 402 significance of SRP differences between our study lakes. 403
In Gollinsee, the littoral zone consisted of P. australis (15% of the total lake area) 404 and N. alba (3% of the lake area, Table 1 ). These corresponded to maximum epiphyton-405 available surface areas of 1400 m 2 on P. australis and 1500 m 2 on N. alba. In 406 Schulzensee, the littoral zone consisted of P. australis (10% of the lake area), N. alba 407 (12% of the lake area) and C. submersum (22% of the lake area, or 8% of the lake 408 volume, Table 1 ). These corresponded to maximum epiphyton-available surface areas of 409 1500 m 2 on P. australis, 7700 m 2 on N. alba and 5600 m 2 on C. submersum. 410
411
Primary production 412
Measured periphyton biomasses on long-exposure littoral plastic strips were only slightly 413 higher in macrophyte-dominated Schulzensee (7.6 ± 1.3 μg chl a cm -2 ) than in Gollinsee 414 (5.0 ± 1.3 μg chl a cm -2 ; n = 3, P = 0.23). Alternatively, long-exposure biomasses on 415 open-water strips were somewhat lower in macrophyte-dominated Schulzensee (5.6 ± 2.6 416 μg chl a cm -2 ) than in Gollinsee (7.9 ± 2.6 μg chl a cm -2 ; n = 3, P = 0.56). We thus 417 calculated a significantly higher full-year epiphyton GPP in macrophyte-dominated 418
Schulzensee, but no significant difference in epipelon GPP between lakes (Table 2) . 419
Differences in periphyton GPP between lakes were found to be most pronounced during 420 summer months (June to August), when a higher light attenuation in Gollinsee 421 diminished benthic epipelon GPP and a greater littoral surface area in Schulzensee 422 boosted epiphyton production (Fig. 1a) . Detritus correction factors provided mean 423 specific absorption values of 19 ± 3 m 2 g chl a -1 in Gollinsee and 10 ± 3 m 2 g chl a -1 in 424
Schulzensee, within the range to be expected for algae from the literature (Tilzer, 1983, 425 and references therein). 426
Measured pelagic chl a concentrations in phytoplankton-dominated Gollinsee 427 (mean = 23 ± 3 μg L -1 , n = 21) were higher than those in macrophyte-dominated 428 Schulzensee (mean = 13 ± 3 μg L -1 , n = 19; P = 0.02). Despite this, a higher mean depth 429 in Schulzensee provided 20% higher depth-integrated annual phytoplankton GPP rates in 430 the macrophyte-dominated lake (Table 2) , with the difference between systems being 431 20 largest during summer months (Fig. 1b) . Detritus correction factors for phytoplankton 432 absorption provided mean specific absorption values of 12 ± 1 m 2 g chl a -1 in Gollinsee 433 and 17 ± 1 m 2 g chl a -1 in Schulzensee, which were 20 to 30% lower than measurements 434 without detritus corrections, and similar to literature values (Tilzer, 1983 and references 435 therein). 436
For C. submersum, we measured a maximum biomass of 316 ± 97 g dw m -3 (n = 437 4). Together with A. stagnina, these primary producers accounted for 8% of the total 438 estimated GPP in Schulzensee (approximately 4% each, values presented in Table 2 ). The 439 mean GPP of A. stagnina was lower in core exposure experiments (11 ± 0.3 g C m -2 y -1 ) 440 than glass bottle experiments (34 ± 1 g C m -2 y -1 ), which was attributed to the greater 441 amount of light-exposed surface area for floating A. stagnina colonies. 442
Summer GPP measurements from O 2 curves (approximately 1.4 g C m -2 d -1 in 443 both lakes) were comparable to whole-lake summertime GPP rates independently 444 calculated in phytoplankton-dominated Gollinsee (1.6 -1.9 g C m -2 d -1 , Fig. 2a ), but 445 significantly lower than the summertime GPP rates calculated for macrophyte-dominated 446 Schulzensee (3.6 -4.4 g C m -2 d -1 , Fig. 2b ). Instead, diel O 2 curves in Schulzensee 447 appeared to better represent calculated phytoplankton GPP (Fig. 2b) . Winter GPP 448 measured by O 2 curves was significantly higher in Schulzensee (0.9 ± 0.2 g C m -2 d -1 ) 449 than in Gollinsee (0.1 ± 0.2 g C m -2 d -1 ; t-test, P = 0.004). 450
For the ice-free portion of the study year, daily GPP rates were calculated for all 451 plant groups (monthly means presented in Table 4 ). Whole-lake annual GPP rates were 452 40% higher in macrophyte-dominated Schulzensee (586 ± 23 g C m -2 y -1 ) than in 453 phytoplankton-dominated Gollinsee (408 ± 23 g C m -2 y -1 ; 
Conceptual productivity model 458
Our empirical data were applied to previously established conceptual relationships 459 between TP availability and GPP, illustrating that at moderate TP concentrations and low 460 mean lake depths most GPP may be supplied by either phytoplankton (in lakes without 461 submerged macrophytes) or benthic algae (in lakes with submerged macrophytes) (Fig.  462   3a) . Our model suggests that with increasing TP, macrophyte-dominated lakes would 463 first exhibit reductions in epipelon GPP, then submerged macrophyte and epiphyton GPP, 464 leading eventually to a full phytoplankton dominance of lake GPP (Fig. 3a) . Our model 465 thus suggests that a hump-shaped relationship exists between total GPP and TP in 466 macrophyte-dominated, clear-water lakes (Fig. 3b) . At intermediate TP concentrations, 467 the GPP of a clear-water regime is thus higher than that of a turbid regime (Fig. 3b) , 468 reflecting our empirical results. Due to the important role of benthic GPP, the difference 469 between regimes diminishes as the mean lake depth increases, and disappears completely 470 beyond mean depths of 3 to 4 m (Fig. 3d, 3f) . At higher TP concentrations, phytoplankton 471 and periphyton communities dominate, and our model suggests that the response of GPP 472 to further increases in TP concentrations is relatively weak, since periphyton GPP 473 becomes increasingly light limited, and self-shading by phytoplankton restricts increases 474 in areal pelagic GPP. 475 476 Discussion 477
22
Our results demonstrate that a shallow eutrophic lake featuring a submerged macrophyte 478 community supports a higher full-lake annual GPP than a phytoplankton-dominated lake 479 of comparable morphometry and nutrient concentrations. Although nutrients play an 480 important role in broadly limiting or propelling ecosystem productivity, we here show 481 that the relationship between GPP and nutrient status may be discontinuous in bistable 482 systems. Lower whole-lake GPP rates in the phytoplankton-dominated lake were 483 attributed to the lowered water clarity and presence of fewer primary producer groups. 484
Our conclusions are illustrated by a simple model that suggests the presence of a 485 submerged macrophyte-epiphyton complex in a shallow lake improves benthic light 486 availability, and consequently allows for a greater whole-lake GPP than would be 487 expected for a phytoplankton-dominated lake at similar pelagic TP concentrations. 488
489
Comparisons of results between methods and literature 490
The GPP rates in our study lakes were comparable to those from other studies. Pelagic 491 chlorophyll a concentrations were highest in our phytoplankton-dominated lake, but a 492 higher mean depth in macrophyte-dominated Schulzensee provided that lake with a 493 slightly greater areal phytoplankton GPP. Areal phytoplankton GPP rates in our study 494 probably reflects this heterogeneity, especially as the discrepancy between methods in 507 our study appears to be greatest in the macrophyte-dominated lake (where the littoral and 508 benthic zones were expected to play a larger role in whole-lake GPP). Furthermore, the 509 difference between approaches was greatest during the summer, when GPP of the 510 submerged macrophyte-epiphyton complex was highest. Diel O 2 curves in macrophyte-511 dominated Schulzensee aligned well with calculated phytoplankton GPP, suggesting that 512 these O 2 curves essentially measured pelagic processes. In phytoplankton-dominated 513 Gollinsee, O 2 curves more closely resembled whole-lake GPP. We suspect that these 514 differences were probably due to the slightly shallower mean depth of Gollinsee (with the 515 benthic zone positioned slightly nearer to the installed YSI probes), as well as the greater 516 contribution of the littoral zone to whole-lake GPP in Schulzensee. Alternatively, it is 517 possible that O 2 curves in Gollinsee measured phytoplankton GPP, but that areal 518 production estimates, which incorporated mean lake depth, overestimated GPP rates, 519 which could have been lower in deeper water layers due to self-shading. 520
We note that this study focuses on gross primary production, while others such as 521 Blindow et al. (2006) and Mitchell (1989) have instead chosen to measure net primary 522 production (NPP). NPP is important to consider for food-web effects, as it represents the 523 24 supply of autochthonous organic carbon available to consumers. Furthermore, differences 524 in GPP do not always translate directly to NPP. For instance, Blindow et al. (2006) 525 observed a lower GPP but higher NPP in a macrophyte-dominated lake compared to a 526 more eutrophic phytoplankton-dominated lake. While the fluorometric approach adopted 527 in this study does not provide estimates of algal respiration, respiration rates could be 528 calculated for A. stagnina following the methods adopted for GPP, and applying the 529 measured relationship between respiration (as O 2 consumption) and water temperature. 530
This provided mean respiration rates of 36 ± 1 g C m -2 y -1 for A. stagnina. Rough 531 estimates of NPP may also be provided by incorporating empirical biomass and 532 production data into relationships in the literature. For phytoplankton, 40% GPP was 533 considered lost to respiration (Platt, Bird & Sathyendranath, 1991) though higher losses 534 may be possible (Blindow et al., 2006) . A maximum respiration rate of 60% GPP was 535 considered for C. submersum (Best, 1982 Finally, it is likely that the difference in GPP (and NPP) between these two lakes 544 was greater than our data suggest, due to the possible underestimation of epipelon GPP in 545 the open-water areas of Schulzensee. Periphyton biomass on plastic strips did not differ 546 25 significantly between our study lakes, but this was suspected to be an error due to the 547 localized effect of floating-leaved plants in Schulzensee, which shaded the strips intended 548 as open-water exposures. This was supported by data from the following year, when the 549 monthly periphyton biomass accumulation on open-water strip exposures was higher in 550 macrophyte-dominated Schulzensee (1.77 ± 0.2 μg chl a cm -2 ) than in phytoplankton-551 dominated Gollinsee (1.08 ± 0.2 μg chl a cm -2 ; t-test, P = 0.05). 552 553
Conceptual productivity model 554
Our simple model predicts that a macrophyte-dominated, shallow lake supports higher 555 rates of GPP than a more turbid, phytoplankton-dominated lake across an intermediate 556 range of TP availability. A perturbation leading to the loss of submerged macrophytes 557 and epiphyton at moderate nutrient concentrations may thus result in an immediate 558 decrease in whole-lake GPP, assuming the disturbance does not significantly change the 559 nutrient supply of the system. Within the parameters described for our lakes, the 560 predicted difference between total GPP for alternative regimes disappears at mean lake 561 depths greater than 4 m, or TP concentrations higher than 150 μg L -1 . While this TP range 562 may be applicable to other lakes with similar DOC concentrations to our study systems, 563 much lower DOC concentrations would result in a larger modeled depth range across 564 which macrophyte-dominated lakes would exhibit a higher GPP than phytoplankton-565 dominated lakes. Similarly, the TP threshold at which differences in GPP exist between 566 regimes varies with mean depth, with shallower mean depths providing higher TP 567 thresholds. As discussed above, differences in GPP between systems do not always match 568 between regime shifts and whole-lake GPP. Our model does not account for an additional 577 TP release from the sediments in a turbid regime, which is fitting as our results focus on a 578 TP range below which periphyton production is expected to disappear completely as a 579 result of phytoplankton shading (Liboriussen & Jeppesen, 2006) . We further note that our 580 modeled submerged macrophyte species (C. submersum) is rootless, and that rooted 581 species may influence ambient nutrient conditions differently by using nutrients mainly 582 from the sediment. However, all submerged macrophytes would theoretically influence 583 phytoplankton nutrient availability by boosting epiphyton GPP and additionally suppress 584 phytoplankton GPP by other mechanisms, such as allelopathy (Hilt & Gross 2008) and 585 providing refuge to phytoplankton-grazing zooplankton (Timms & Moss, 1984) . Overall, 586 our model reflects conditions that are common in many shallow lakes capable of 587 undergoing regime shifts (Scheffer et al., 1993a) , and we suggest that the general 588 relationship it illustrates is widely relevant. 589 590
Implications for lakes globally 591 27
This study presents both empirical and theoretical evidence to suggest that the 592 GPP of small, eutrophic, shallow lakes is increased by the presence of a submerged 593 macrophyte-epiphyton complex. We further suggest that a shift in such lakes to a 594 phytoplankton-dominated regime may result in a decline in whole-lake GPP. This has 595 important implications for freshwater systems globally, as the majority of lakes are small 596 and shallow (Downing et al., 2006) . Rosenzweig (1973) suggested that a loss of species 597 richness (specifically across trophic levels) may be hazardous to ecosystem stability. 
